The interplay between charge and spin transport is central to turn spintronics into a broad area of technological application based on the control and processing of the electron spin. 1,2 Two main topics in spintronics are the development of new spin-based devices and architectures as well as the search for more efficient methods and systems for spin-to-charge interconversion. One of the most common ways to convert charge current into spin current is the spin Hall effect (SHE), [3] [4] [5] [6] where an unpolarized charge current in a metallic layer is partially converted in a transverse spin current by the spin-orbit coupling (SOC). The reciprocal of this effect is the inverse spin Hall effect (ISHE), 7, 8 whereby a pure spin current is converted into a transverse charge current. In order to quantify the conversion efficiency between charge and spin currents in SHE and ISHE processes the spin Hall angle (θSH) is used, which is defined by the ratio between the spin Hall conductivity and the normal conductivity, i.e., θSH = σ s yz σ c xx . 3 The mechanisms behind the spin Hall angle (SHA), can be the intrinsic ones defined by the electronic structure of the crystalline material, or the extrinsic ones known as side jump and skew scattering, 9,10 where an electron is scattered off by impurities in combination with SOC. Once the control of intrinsic mechanisms to improve the SOC is not feasible, several theoretical and experimental schemes have been proposed in order to enhance the SOC extrinsically. [11] [12] [13] [14] It is important to mention that among the pure elements, the high atomic number metals Pt, W, Pd and Ta, have ARTICLE scitation.org/journal/adv been regularly used for spin-charge interconversion because they have strong SOC, resulting in large θSH. 7, [15] [16] [17] In this paper we report the experimental studies using the spin pumping effect (SPE) 18 that detect an effective enhancement of the spin-to-charge conversion in Pt where nanoparticles of Ag were grown randomly, as shown in Figure 1 e). We have sputter deposited heterostructures of silver and platinum in three different arrangements as shown in Figures 1a) to c) . The structures were grown by dc-sputtering on top of YIG (Y 3 Fe5O 12 , Yttrium Iron Garnet) films with thickness of 100 nm and lateral dimensions of 3.5 mm × 1.7 mm. 19 As known, silver has poor wetting properties for surface coating. 20 Therefore, by taking advantage of this feature, we were able to grow nanoparticles of Ag on top of the Pt layer from the regime where the particles are isolated up to the regime where they collapse into a continuous film. By means of AFM images it was possible to conclude that the roughness plays an important role in the enhancement of the SHA.
The samples fabrication was accomplished in three steps: i) the YIG films were sputter deposited onto GGG(111) (Gd 3 Ga5O 12 , Gadolinium Gallium Garnet) substrates. After deposition, the YIG layers were crystalized under oxygen flow for 4 hours at 850 ○ ; ii) then the YIG samples were characterized by means of the ferromagnetic resonance (FMR) technique in order to select the best samples and afterwards the layers of Ag and Pt were sputter grown; iii) Finally, two pads of Ag were deposited by means of shadow masks (1.7 mm × 400 µm × 20 nm) at the ends of the samples, where two electrodes of copper wires were attached with silver paste. All samples exhibited ohmic behavior as shown by their I-V characteristics. Figures 1 d) and e) show SEM images after deposition of an Ag layer with nominal thickness of 3 nm directly on YIG and on top of YIG/Pt(3 nm).
The growth of Ag occurs by following the Volmer-Weber mode as shown in Figure 1 e). [21] [22] [23] This growth mode is characterized by the two-dimensional formation of 3D nanosized islands that further grow until reach the coalescence regime where it forms a continuous layer. Note that the sizes of Ag islands grown on top of the Pt layer are quite large. As discussed later, this characteristic is extremely important for the spin-charge enhancement. In order to perform the FMR and SPE measurements, the samples were mounted on the tip of a polyvinyl chloride (PVC) rod and inserted through a hole in the back wall of a rectangular microwave cavity resonating at 9.46 GHz, operating in the TE 102 mode, with a Q factor of 2000 and an incident rf power P rf = 20 mW. Figure 2 a) shows the field scan of the derivative dP/dH of the microwave absorption at the FMR condition (black symbols) for YIG/Pt sample. By numerically adjusting the data with the derivative of a Lorentzian function (solid red line) we obtain the FMR field and the linewidth. The inset shows the FMR from bare YIG with no metal layer deposition. All bare YIG films have FMR linewidths that vary from 7.4 to 8.4 Oe. In average, the FMR linewidths experienced an additional increase of 1.2 Oe after the metal layer deposition, which is a signature of the SPE. 18 Figure 2 b) shows schematically the SPE and the spin-to-charge conversion process by ISHE. The pure spin current injected at the YIG/Pt interface is be given by ⃗ JS = ̵ hg
, wherem is a unit vector along the magnetization direction and g ↑↓ eff = (4πMStFM ̵ hω)δH is the real part of the effective spinmixing conductance that takes into account the pumped and the back-flow spin currents. 18 In this equation the additional FMR linewidth δH = (∆HYIG /Pt −Ag − ∆HYIG) is assumed to be entirely due to the spin pumping effect, ω is the microwave frequency, tFM and 4πMS = 1760 G are, respectively, the thickness and saturation magnetization of YIG layer. The relation between charge current and spin current in the ISHE process is given by ⃗ JC = θSH(2e ̵ h) ⃗ σ × ⃗ JS , where θSH is the spin Hall angle, and ⃗ σ is the dc component of spin-current polarization, which is parallel to dc magnetic field. Integrating the charge current along the sample thickness and length, one can write the spin pumping voltage between the edges of NM as, [24] [25] [26] where RN, λN, w, tN are, respectively, the resistance, spin diffusion length, width and thickness of conductive layer, JSy(0) is the spin current density at the interface YIG/NM, and α is the in-plane angle between magnetic field and the direction of the electric contacts at the ends of sample. Figure 2 c) shows the field-scan dependence of spin pumping voltage (V ISHE ) of YIG/Pt for three key alpha angles. The measured line shapes of V ISHE are normally asymmetric curves, which are fitted as a sum of a Lorentzian function and its derivative, centered at the FMR field,
where HR and ∆H are, the FMR field and linewidth (HWHM). The red and green lines of Fig. 2d) ). While the Va component is negligible in all cases, as expected for a FM insulator, the in-plane dependence of Vs departs a little from the expected cos α in Figures 2 d) . As V ISHE depends on the resistance of the NM layer, the SPE-ISHE current, written as (I ISHE = V ISHE /RN), has more physical meaning. The parameters ∆H, δH, g ↑↓ eff , RN and I ISHE for all samples is shown on Table I .
In Eq. (1), the dc component of the spin current at the interface YIG/NM is given by JSy(0) = L(H − HR) = 1 at the ferromagnetic resonance condition and p is the precession ellipticity. Since V ISHE and I ISHE (=V ISHE /R) are proportional to (1/∆H) 2 , we need to take into account a contribution from fluctuation effects of the FMR linewidth to the maximum values of both V ISHE and I ISHE . Therefore, we define the maximum value of spin pumping current as I * ISHE = I ISHE (∆H ∆HPt) 2 , where ∆H is the linewidth of the sample with Ag nanoparticles and ∆HPt is the linewidth of the sample with no Ag particles (YIG/Pt (6 nm)). The sample YIG/Ag(3 nm)/Pt(6 nm) did not show significative increase of I ISHE due to the fact that when Ag is deposited directly on top of YIG (green symbols) it creates an more uniform layer of Ag.
We also investigate the surface topography by means of the atomic force microscopy (AFM) technique and we were able to measure the average size of the nanoparticles as a function of the nominal Ag layer thickness. In summary, we conclude that taking advantage the pour wetting proprieties of Ag over Pt layer, it was possible to create nanoscopic particles of Ag on top and on the middle plane of Pt layer. Those nanoparticles serve as nanoscopic molds to locally increase the spin Hall angle, thus effectively increasing the efficiency of spin current to charge current. These results represent a reliable technique to locally control the effective spin Hall angle in order to reach higher values of SHA. The extrinsic enhancement of θSH, by the nanoscopic particles of Ag and Cu, was also confirmed by others spin-charge interconversion techniques, such as spin Seebeck effect and spin Hall magnetoresistance. 19, 27 
